Engineering of luciferases with designed properties and functionalities collects great interest in bioassays. However, such an engineering including mutagenesis accompanies great consumption of time-and-labor. Here, I review an empirical approach to efficiently manipulate marine and beetle luciferases for bioassays, where a putative active site of luciferases is initially assigned with an in silico analysis, prior to the practical engineering, e.g. a hydrophilicity search reveals a characteristic hydrophilic region of luciferases as an engineering target. Amino acids in the hydrophilic region are recommended for a mutagenesis target to generate superluminescent variants of marine luciferases with prolonged bioluminescence. Empirical data suggest that a consecutive fragmentation to the assigned hydrophilic site greatly reduces time-and-labors on construction of single-chain probes. This review summarizes how to relieve the efforts for fabricating single-chain probes and potent variants of luciferases with excellent optical properties.
Introduction

General background of luciferase engineering
Recent revolutionary advances in enzyme manipulation technologies now allow researchers to carry out quantitative examination of molecular dynamics and cell signaling in living subjects (Weissleder and Ntziachristos, 2003; Michnick et al., 2007) .
Luciferases catalyzing oxidation of luciferins for bioluminescence are nearly ideal reporters for bioanalysis and molecular imaging: the assays are intrinsically very simple, sensitive and do not require an external light source or cofactors (Kim et al., 2004; Fan and Wood, 2007; Kim and Ozawa, 2010) .
Recent engineering of luciferases with designed properties and functionalities represents an important direction for bioanalysis. Native luciferases have been manipulated through a random and site-directed mutagenesis for enhancing the bioluminescence intensities and prolonged emission half-life (Loening et al., 2006; Welsh et al., 2009 ).
To date, various luciferases have been engineered for illuminating intracellular molecular events: a significant mutagenesis study on marine luciferases was conducted with Renilla reniformis luciferase (RLuc) (Loening et al., 2006 (Loening et al., , 2010 . The considerable red-shifted bioluminescence was achieved by combining a consensus sequence-driven mutagenesis strategy (Lehmann et al., 2002 ) with a specific substrate, coelenterazine-v (CTZ-v) . Another impressive engineering strategy for marine luciferases on the basis of a semi-rational mutagenesis generated superluminescent variants of marine luciferases with prolonged bioluminescence (Kim et al., 2011a) . Furthermore, the luciferin-binding pocket of beetle luciferases was intensively site-mutated for generating variants emitting red-shifted bioluminescence (Nakatsu et al., 2006; Li et al., 2010) .
Marine and beetle luciferases in bioassays were manipulated for fabricating genetically encoded bioluminescent indicators, in which the protein-protein interactions are visualized between two independent proteins (two-molecule type) (Kim et al., 2004 (Kim et al., , 2005a (Kim et al., ,b,c, 2007b . Furthermore, a unique singlechain probe named an integrated molecule-format bioluminescent probe was developed, where fragmented luciferases and the other components were integrated in a singlechain backbone to examine ligand-activated protein-protein interactions (single-molecule type) (Kim et al., 2007a (Kim et al., , 2008b (Kim et al., , 2009a . On the basis of the research background, I review an empirical approach that is contrived to labor-effectively manipulate marine and beetle luciferases for bioassays.
A putative core region in marine and beetle luciferases as an engineering target
The random mutagenetic approach of luciferase engineering is normally slow and tedious, and intensively consumes time and labor. Especially, in the absence of the crystallographic data, researchers have no appropriate measures for luciferase engineering. Thus, a reasonable strategy to access the putative active site of luciferases should greatly relieve the efforts on luciferase engineering.
Recent studies by us and other research groups on luciferase engineering empirically guide on how to access the putative core region of marine and beetle luciferases even in the absence of the crystallographic information (Loening et al., 2006; Kim et al., 2007c; Kim et al., 2011a) , i.e. beetle luciferases share significant similarities in the primary sequences with acyl-coenzyme A ligases (Nakatsu et al., 2006) . The putative active sites are highly conserved among marine luciferases, to which the substrates efficiently access (Rees et al., 1998) . Kim et al. in 2011b also speculated that the substrates share a similar chemical structure and act as 'chromophore' when being oxidized for bioluminescence (Supplementary Figure S1 ) (Kim et al., 2011a) . These common features in marine and beetle luciferases suggest some inductive clues to predict the core active sites useful for luciferase engineering.
A researcher's first clue for the core region of a luciferase should be taken from a hydrophilicity search (Kim et al., 2008b; Kim et al., 2009c; Kim et al., 2011a) , e.g. the scale of Kyte and Doolittle provided by ExPASy Proteomics service (Swiss Institute of Bioinfomatics; SIB) (Kyte and Doolittle, 1982) . As shown in Fig. 1A , this scale generally reveals a remarkably hydrophilic region preferably recruiting the specific substrate in an aqueous phase. This characteristic region is interestingly highly conserved among marine luciferases and it comprises a drastic interface between highly hydrophilic and hydrophobic sequences in the sequence of beetle and marine luciferases (Supplementary Figure S2B) . This region has been utilized as an optimal dissection target in our and other studies Fig. 1. (A) A hydrophilicity search of marine luciferases revealing a hydrophilic region in the middle of the sequence. The sequence was projected by the scale of Kyte and Doolittle (1982) . The hydrophilic region was highlighted with a dotted box. The closed circles show known dissection sites for bioassays. Arrows show known mutation targets for modifying the optical properties of marine luciferase. GLuc, Gaussia princeps luciferase; MpLuc1, Metridia pacifica luciferase 1; MLuc, Metridia longa luciferase; RLuc, Renilla reniformis luciferase. (B) A hydrophilicity search of beetle luciferases revealing a hydrophilic region in the middle of the sequence. The hydrophilic region was highlighted with a dotted box. FLuc, firefly luciferase; RWLuc, railroad worm luciferase; CB green, click beetle luciferase green; CB red, click beetle luciferase red. (C) A highlighted amino acid sequence of GLuc showing the dissection sites. (D) A phylogenetic tree representing the intermediate correlations between luciferases. GLuc, Gaussia princeps luciferase; wtGFP, wildtype green fluorescent protein; Obelin, a photoprotein from Obelia longissima; aqualine, a photoprotein isolated from jellyfish Aequorea; Oplophorus, Oplophorus gracilorostris luciferase; Pleuromamma luciferase. (E) A single-sequence alignment (SSA) of native GLuc. The sequence of the two consensus domains in GLuc are shown in overlapping fashion using CLUSTALW Ver. 1.81. The box highlights effective mutagenesis sites, mutation to which (i.e. F89W/ I90L) results in an increase of consensus amino acids in the alignment. A colour version of this figure is available as supplementary data at PEDS online.
S.B.Kim (Kaihara et al., 2003; Kim et al., 2007a Kim et al., ,c, 2009c (Fig. 1A and B and Supplementary Figure S2B ).
Researcher's second clue to access the putative core region in luciferases should be taken by a consecutive insertion of a small exogenous protein to the hydrophilic region in the target luciferase ( Fig. 2A) . This insertion conventionally informed us of a suitable dissection site for both single-chain probes and two-molecule-type probes, e.g. many references conducted a consecutive protein insertion study with firefly luciferase (FLuc) (Paulmurugan and Gambhir, 2005) , click beetle luciferase (CBLuc) (Kim et al., 2008b) , RLuc (Kaihara et al., 2003; Kaihara and Umezawa, 2008) and GLuc (Kim et al., 2009c) . Furthermore, the consecutive insertion helps us to esteem an interfacial region that suddenly tolerates an insertion of the exogenous protein, reflecting the structure of the highlighted region in the host luciferase. This consecutive insertion contributes to further narrow the core region of luciferases as an engineering target. The interface is interestingly within the hydrophilic region in the scale of Kyte and Doolittle ( Fig. 1A and B ; Supplementary Figure S2B ). As another bonus of this search, researchers may encounter an improved version of single-chain probes exhibiting a profound signal-to-background (S/B) ratio.
Xenopus calmodulin (CaM; 17 kD, 24 Å in diameter) is an ideal choice for the exogenous protein candidate. It is because (i) CaM is so small to relieve the burden of the host luciferase and (ii) the distance between the N-and C-terminal ends is 8 Å , the distance of which is optimal to reconstitute the enzymatic activity of the host luciferase ( Fig. 4A) (Michnick, 2001) . The exogenous protein, CaM, may be substituted by the ligand-binding domain of androgen receptor (AR LBD) (672 -910 AA) (Fig. 4B) (Kim et al., 2007a) , the ligand-binding domain of glucocorticoid receptor (GR LBD) (527 -777 AA) (Kim et al., 2007c) , the ligand-binding domain of estrogen receptor (ER LBD) (305 -550 AA) (Kim et al., 2008b) (Paulmurugan and Gambhir, 2006) , the SH2 domain of v-Src ( Fig. 4C) (Kim et al., 2008b) , an a-helical LXXLL motif (Kim et al., 2007a) , or a proline-rich peptide (Kim et al., 2009e ).
Researcher's third clue may be obtained by the overlapping fashion in the single sequence of marine luciferases, i.e. a single-sequence Alignment (SSA) (Figs. 1E, 3A and C) . This idea of SSA is originated from thermodynamic studies to find individual thermostabilizing consensus amino acids in multiple alignments, named 'a consensus sequence-driven mutagenesis strategy' (Lehmann et al., 2002) . It is esteemed that frequently occurring amino acids at a given position have a larger thermostabilizing effect than less frequent amino acids (Steipe et al., 1994) . As each copepod luciferase consists of two repeated catalytic domains (Inouye and Sahara, 2008) , thermostabilizing consensus amino acids in luciferases may be hit even with SSA. In practice, the consensus amino acids, M60I, M60L, I90L, F89W, in the SSA of GLuc are proved to be an effective target of site-directed mutagenesis (boxed in Labor-effective manipulation of marine and beetle luciferases for bioassays Fig. 1E ) (Welsh et al., 2009; Kim et al., 2011a) . In the SSA of Fig. 1E , I90 corresponds to L161. The substitution of the isoleucine with leucine (i.e. I90L) exerts a great increase in the optical intensity ( Fig. 2B and C) . A similar feature is witnessed with MpLuc1 and MLuc (Fig. 3A) . In the absence of crystallographic data, this idea relieves time and labors of mutagenesis of marine luciferases.
Finally, a site-directed mutagenesis to the above-narrowed core region pinpoints the key amino acids in the region. The protocol of 'QuickChange' itself is previously well established (Zheng et al., 2004) . On this site-directed mutagenesis to the narrowed region, appropriate selection of substitution amino acids greatly relieves labors. Researchers may refer to the chemical structural similarity sharing an imidazolone ring between (i) the chromophore, 65 SYG 67 , of Aequorea green fluorescent protein (GFP) and (ii) the common substrate of marine luciferases, native coelenterazine (CTZ) (Supplementary Figure S1AB) . This chemical structural comparison reveals that GFP variants embed the chromophore inside the molecular backbone, whereas marine luciferases recruit the exogenous luciferin as the choromophore. If so, the hydrophilic interface in the luciferases should provide a favorable platform for the substrate recruitment (we call this as 'active site'). For example, native GFP was initially modified by the following mutagenesis to improve the optical properties: S202F, I167V, T203I, Y66W and Y66H (Heim et al., 1994) . Generation of enhanced yellow fluorescent protein and Venus was contributed by S72A and T203Y (first generation), V68L and Q69K (second generation), and F46L and V163A (third generation) (Tsien, 2009 ). These references teach that alteration of chromophoreneighboring amino acids to F, V, W, H, Y and L may be even effective for modification of the optical properties of marine luciferases (Kim et al., 2011a) .
In general, the candidate amino acids in the region should be carefully substituted with a new one in the following categories: (i) conserving or enhancing the hydrophilicity, (ii) exerting a p -p stacking between the side chains, and (iii) increasing hydrophobic, consensus amino acid pairs inside the domains shown in an overlapping manner in a luciferase (Fig. 1E) .
Fabrication of superluminescent variants of marine luciferases
As a model marine luciferase, GLuc is the smallest luciferase discovered (20 kD) and emits bursting bioluminescence intensities (Tannous et al., 2005) . As the crystallographic information on GLuc is unknown, the putative core region was preliminarily assigned with the hydrophilicity scale of Kyte and Doolittle (Fig. 1) , i.e. 80-115 AA. CaM was consecutively inserted into six sites in the putative core region in GLuc. This consecutive fragmentation study revealed that a dramatic light resurrection appears near the dissection points G92/R93 and G99/D100, implicating the structural interface of GLuc as a target of mutagenesis ( Figs 1C and 2A) .
The sequence of GLuc was aligned in the form of SSA (Fig. 1E) . The boxed region in Fig. 1E suggests mutation of F89W and I90L for increasing the frequency of consensus amino acids in the alignment. This mutagenesis (named 8990) practically exerted 10-times stronger optical intensity than native GLuc (Fig. 2B and C) (Kim et al., 2011a ).
An intensive site-directed mutagenesis to the narrowed region generated 57 mutants, where the substitution is intended to enhancing the regional hydrophilicity in the assigned core region, increasing consensus amino acids in the core region, and/or p-p stacking between the side chains and the substrate. The mutagenesis revealed that the amino acids, F89, I90, H95 and Y97, dominate the bioluminescence intensity and/or enzymatic stability (Fig. 2B) . On the basis of the consequence, the second round of mutagenesis was conducted to generate multi-site mutants. This round of mutagenesis hits several potent variants, 8990 (meaning F89W/I90L), 90115 (I90L/I115L) and Monsta (F89W/I90L/ H95E/Y97W). I90L and 8990, respectively, emit 6 and 10 times stronger bioluminescence than intact GLuc in Africa green monkey kidney-derived COS-7 cells (Fig. 2C) .
The wavelengths of maximal intensities (l max ) of I90L and Monsta exhibited 16-nm and 33-nm red-shifted spectra, respectively, compared with that of intact GLuc in the presence of the natural substrate, CTZ (Fig. 2D ). This comparison was conducted using a conventional assay buffer carrying porcine gelatin and thiourea (E2820, Promega) (Hawkins et al., 2000) .
The excellent optical properties of the GLuc variants convinced us of a successful molecular imaging in living subjects. The same amounts of COS-7 cells carrying native GLuc or 8990 were subcutaneously implanted in the back of anesthetized BALB/c nude mice (Fig. 2E) . Meanwhile, native CTZ was intravenously injected into the mice via the tail vein. The comparison exhibited that the skin site with 8990 exhibited ca. seven times stronger bioluminescence intensities than that with original GLuc.
Furthermore, the same amounts of murine B16 melanoma expressing intact GLuc or I90L were intravenously injected into the anesthetized BALB/c nude mice via the tail vein (Fig. 2F) . The comparison revealed that the lung implanted with B16 melanoma carrying I90L exhibited a five times stronger optical signature than that with the original GLuc.
To demonstrate the general validity of the present methodology on marine luciferases, the amino acids in Metridia longa luciferase (MLuc) and Metridia pacifica luciferase 1 (MpLuc1) were correspondingly manipulated on the basis of the hydrophilicity search and SSA ( Figs 1A, 3A and B) . A mutant of MLuc induced maximally 3.5 times prolonged emission half-life than the native MLuc. A mutation to MpLuc1 admitted 5.4 times enhanced the bioluminescence intensities, compared with the intact MpLuc1 (Fig. 3B) .
Furthermore, the approach was applied to the modification of the optical properties of RLuc (Fig. 3D) . RLuc was first point-mutated according to the above-mentioned hydrophilicity search and SSA ( Figs 1A and 3C) , and created four mutants, I140L, V141L, V146L and V146L/ E151A. Alteration of I140 to leucine (i.e. I140L) increases the intensities up to 63% compared with the intact RLuc. The results demonstrate that I140 is a potential mutation target for the modification of the properties of RLuc.
Generation of efficient single-chain probes for bioassays
Recognition of bioactive small molecules is now a topic of pivotal interests in medical and pharmaceutical sciences besides biochemistry and biology. One of the powerful methodologies for recognizing bioactive small molecules in physiological samples such as urine and saliva is to develop genetically encoded probes that emit an optical signature like bioluminescence and fluorescence in response to the bioactive small molecules (Kim et al., 2009a (Kim et al., , 2011b . Many excellent reviews already overviewed basic strategies and molecular designs of the probes (Villalobos et al., 2007; Binkowski et al., 2009; Rowe et al., 2009) , which include protein-fragment complementation assay (PCA), inteinmediated protein splicing assay (PSA), circularly permutated fragment-based assay (Kim et al., 2008a; Kim et al., 2009a) and molecular tension probes (Kim et al., 2009b) . Many functional proteins including b-lactamase (Galarneau et al., 2002) , b-galactosidase (Blakely et al., 2000) and ubiquitin (Fetchko and Stagljar, 2004) besides luciferases have been engineered in fabrication of the probes. Now, I focus on molecular design of single-chain probes sensing bioactive small molecules and emitting bioluminescence.
The following design scheme contributes to the fabrication of excellent single-chain probes (Figs 4 and 5) . A hydrophilicity search to beetle luciferases reveals a remarkable hydrophilic region at the four-fifth position from the starting codon (Fig. 1B) (Ozawa et al., 2001; Kim et al., 2007a,b) . This region exhibited a great conversion of the hydrophilicity scores (Supplementary Figure S2B) . A consecutive insertion of GR LBD (527 -777 AA) into the corresponding region of the click beetle luciferase (CBLuc) revealed that the dissection site 439/440 admits an efficient single-chain probe with a considerable S/B ratio (Kim et al., 2007c) . Furthermore, the two colors of CBLuc can be utilized in the construction of multicolor imaging probes to simultaneously determine bifacial activities of ligands (Kim et al., 2008b) . Using the set of single-chain probes with different colors, agonistic and antagonistic properties of a ligand were simultaneously examined (Fig. 5C) .
Furthermore, a compact single-chain probe with split-GLuc can be fabricated in the same procedure of the hydrophilicity search and consecutive insertion (Fig. 5B) . The hydrophilicity search and the following procedure reveal the suitable dissection sites during the circular permutation of GLuc (Fig. 5D) . The single-chain probes carrying circularly permutated GLuc exert a sensitive determination of weak protein -protein interactions in cell lines, e.g. GR LBD-LXXLL motif binding (Kim et al., 2007c) , ER LBDSrc SH2 domain binding (Kim et al., 2008b) , CaM-M13 binding (Kim et al., 2009c) and AR LBD-N-terminal peptide binding (Kim et al., 2009e) .
Labor-effective manipulation of marine and beetle luciferases for bioassays
Comparison with other approaches
Classical bioassays including reporter-gene assays, mammalian two-hybrid assays and intein-mediated PSAs consume a long ligand-stimulation time ranging from 2 h to days until the reporters are accumulated or reconstituted enough to be determined (Kim et al., 2004 (Kim et al., , 2007a (Kim et al., , 2009d . Thus, they may be categorized into a less labor-and time-effective assay.
In contrast to the success of fluorescence resonance energy transfer (FRET)-based and bioluminescence resonance energy transfer (BRET)-based assays (Sato et al., 2006; Hoshino et al., 2007) , they require a trained technician and a large instrumentation equipped with sophisticated lightfiltering systems and mathematical algorithms (Kim et al., 2004) . Therefore, they may be still grouped into a less laborand time-effective assay.
Compared with the above assays, PCA provides an excellent platform for near real-time detection and characterization of ligand-induced intracellular molecular events (Villalobos et al., 2007) . Conventional PCA has been designed to determine interactions between two independent fusion proteins. However, a biased expression of the two component proteins may result in an inefficiency of the systems (Kim et al., 2007c) . A single-chain probe exerting intramolecular PCA should provide a better optical readout to access a labor-effective determination of intracellular molecular events. Molecular design is a key issue to reduce time and labors on construction of single-chain probes with excellent optical properties and functionalities.
As a conventional in silico strategy to access clues for protein engineering, homologous protein sequences are aligned for finding consensus amino acids and mutagenesis, named 'a semi-rational, consensus sequence-driven mutagenesis strategy' (Lehmann et al., 2002) . This strategy was made on the premise that more frequently occurring amino acids at a given position of the alignment have a larger thermodynamically stabilizing effect than less frequently occurring (Kim et al., 2008b) . Left: The figure illustrates the X-ray crystallographic data of the components in the single-chain probe. The molecular structures in the right indicate the anticipated molecular structures of the single-chain probe on stimulation with agonist or antagonist. GLuc-N and -C, the Nand C-terminal domains of Gaussia luciferase; AR LBD and ER LBD, the ligand-binding domains of androgen receptor and estrogen receptor; LXXLL, an LXXLL motif of coactivators; FLuc-N and -C, the N-and C-terminal domains of firefly luciferase; CB Red-N and -C, the N-and C-terminal domains of click beetle luciferase red; Src SH2, the SH2 domain of v-Src.
amino acids (Steipe et al., 1994) . This alignment predicts individual thermostabilizing consensus amino acids and then combines experimentally proven thermostabilizing single mutations. This approach was applied to find candidate amino acids that potentially modify the properties of RLuc (Loening et al., 2006 (Loening et al., , 2007 .
However, it is disputable (i) whether the premise that frequency of amino acids represents the thermostability is true, and (ii) how the thermostability is correlated with the optical properties of luciferases. Furthermore, (iii) the reliability of the alignment is greatly influenced by the biased selection of the sequences and deficiency in the homologous sequences in the database. According to a reference, this conventional consensus strategy required 20 000 colonies for generating successful mutants of Renilla reniformis luciferase (RLuc) (Loening et al., 2007) , which are too many to relieve the burden for mutagenesis, i.e. practically no variance in the burden with a conventional random mutagenesis. Even in the case of an intensive, consecutive fragmentation of luciferases, Remy and Michnick (2006) had to examine at least 41-fragmentation sites of GLuc for finding optimal dissection sites.
In contrast, the currently reviewed approach starts from the premise that (i) the substrates act as exogenous 'chromophore' being oxidized for bioluminescence, and thus (ii) the substrate should access a common hydrophilic region in luciferases, named a putative core region. In practice, a remarkably hydrophilic region is found in many sequences of marine and beetle luciferases. This approach also comprises a practical, experimental procedure to narrow the assigned putative core region, named a consecutive insertion. The currently reviewed approach also suggests how to highlight key amino acids in the region using a SSA. The reviewed approach introduces common clues from only a single sequence of a marine or beetle luciferase. Thus, the biased database pool does not influence the present consequence. The reviewed approach guides on how to decide key amino acids in the narrowed core region, i.e. the candidate amino acids Right: The luminescence spectra of COS-7 cells carrying pSimer-R2 and pSimer-G4 in response to various ligands. E 2 , 17b-estradiol; OHT, 4-hydroxytamoxifen; ICI, ICI 182780; DHT, 5a-dihydrotestosterone; Src SH2, the SH2 domain of v-Src; ER LBD, the ligand-binding domain of estrogen receptor; CB Red-N and -C, the N-and C-terminal domain of click beetle luciferase red; CB Green-N and-C, the N-and C-terminal domain of click beetle luciferase green; RLU, relative luminescence units. (D) Left: Basic strategy for illuminating ligand-induced conformational change of a single-chain probe carrying circularly permutated fragments of GLuc. In the absence of agonist, the probe is stabilized with a corepressor motif. Agonist activates an intramolecular complementation between the fragments, resulting in recovery of the luciferase activity. Right: Dose-response curves of cPRESSO-C1 and SIMGR3 to varying concentrations of cortisol or DHT. GR LBD, the ligand-binding domain of glucocorticoid receptor; LXXLL, a common motif of coactivators; LXXIIXXXL, a common motif of corepressors; EC 50 , half maximal effective concentration. The figures were revised from Kim et al., (2011a) , Kim et al. (2008b) and Kim et al. (2009a) .
Labor-effective manipulation of marine and beetle luciferases for bioassays were decided in the light of the mutagenesis history of GFPs, because the chromophore in GFP is chemically identical to the common substrate of marine luciferases (Supplementary Figure S1 ). According to a reference, 65 colonies were enough to hit six excellent variants of GLuc (ca. 10%) with superluminescence and optical stability. The general applicability of the reviewed approach was empirically proved with superluminescent variants of marine and beetle luciferases including GLuc, Metridia longa luciferase (MLuc), Metridia pacifica luciferase 1 (MpLuc1), RLuc, FLuc and CBLuc.
The putative core region assigned also indicates optimal dissection sites for luciferases on the construction of singlechain probes (Fig. 1) . The reviewed approach indicates that investigation of only 5-10 dissection sites admit the optimal fragmentation point (Kim et al., 2007c (Kim et al., , 2008b (Kim et al., , 2009c .
The superluminescent variants of marine luciferases with prolonged bioluminescence are broadly applicable to bioassays and living subjects. The reviewed approach guide three major directions in bioassays, i.e. (i) tumor imaging and metastasis monitoring in living subjects ( Fig. 2E and F) ; (ii) reporter-gene or mammalian two-hybrid assay (Fig. 5A) ; and (iii) application to single-chain probes for molecular imaging (Fig. 5B) . Adaption of the small GLuc variants to single-chain probes is anticipated to greatly improve the optical intensity and S/B ratios.
The information on the hydrophilic region and optimal dissection site in luciferases guides us on how to laboreffectively design a multicolor single-chain probe set conditionally reconstituting the luciferase activities (Fig. 5C ). The probe set is anticipated to emit green and red luminescence in response to agonist and antagonist, respectively (Kim et al., 2008b) . The conditional resurrection in the optical intensities and colors is even utilized in a cell-free condition, e.g. a bioluminescence strip diagnosing steroids (Supplementary Figure S3) .
The reviewed approach comprising the hydrophilicity search is also useful for constructing circularly permuted luciferase-based single-chain probes (Fig. 5D) . The fragments of GLuc are circularly permutated after dissection at the hydrophilic region by the search. This manipulation exerts a 100-times-enhanced sensitivity to cortisol (Kim et al., 2009a) .
Taken together, I reviewed a unique strategy for laboreffective engineering beetle and marine luciferases in the absence of crystallographic data. Marine luciferases recruit the exogenous luciferin as the choromophore via its hydrophilic interface, which provide a favorable platform for the substrate recruitment. A hydrophilicity search of luciferases generally reveals the putative core region (i) to which the substrate preferably access, (ii) in which an external protein is consecutively inserted, and (iii) in which potent dissection sites for single-chain probes exist. Furthermore, two strategies for site-directed mutagenesis to the core region are recommended, i.e. (i) a SSA in overlapping manner to esteem suitable mutation sites and (ii) determination of candidate amino acids in the region in the light of the mutagenesis history of GFPs, because the chromophore in GFP is chemically identical to the common substrate of marine luciferases. The currently reviewed approach empirically guides on how to fabricate luciferase variants and single-chain probes with less time and labor in the absence of crystallographic information.
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